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AUTOMATED PELLETIZED SAMPLE
DECANTING APPARATUS AND METHODS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to automated systems and
methods for preparing samples, such as biological samples.
Particular exemplary embodiments relate to processing
samples used to determine the presence or absence of human
papillomavirus or other conditions.

2. Description of the Related Art

A wide variety of processing protocols are used in many
different fields of art. Processing protocols are created and
followed to help make sure similar items are processed the
same way. The use of protocols helps provide consistent
processing results and, where the results are not consistent,
ensures that the differences are not attributable to variances
caused by the processing itself.

Processing protocols are particularly important in the field
of analytical biological science, in which biological samples
are taken from a subject and processed to diagnose medical
conditions, such as the presence or absence of a pathogen or
viral infection. In many cases, it can be difficult, burden-
some, uncomfortable, or even painful to obtain a sample
from the subject, and therefore a high value is placed on
taking great care with handling and testing the sample to
prevent the need for multiple sample collection procedures.
It is also may be desirable to perform as many tests as
possible on the sample, and therefore the sample may need
to be processed into multiple different sample aliquots to be
tested using multiple different protocols. As a result, it is
desirable to process as little of the sample as possible, to
permit retests and alternative tests of a single collected
sample. The desire to use smaller portions of each sample
can place even stricter boundaries or requirements on
sample processing protocols.

In some cases, analytical protocols may be regulated by
government entities. For example, some testing protocols
must be approved by the United States Food and Drug
Administration before they can be introduced into commer-
cial use. In such cases, the protocol must be followed not
only as a matter of sound scientific principles, but also to
stay within the scope of government-regulated activities.

One exemplary sample processing protocol is the QIA-
GEN Hybrid Capture® 2 (“HC2”) nucleic acid hybridiza-
tion assay. This protocol is used primarily for detecting
human papillomavirus (“HPV”) infections. The HC2 assay
is an in vitro assay, in which RNA probes are hybridized
with target DNA, the RNA:DNA hybrids are captured onto
a solid phase, and the captured RNA:DNA hybrids are
detected with multiple antibodies conjugated to alkaline
phosphatase (ak.a., signal amplification). The particular
chemical and biological details of this process are known in
the art and need not be detailed herein. The HC2 assay may
be performed manually or through a combination of manual
and automated processes. The manual sample preparation
protocol for the HC2 assay includes a series of manual steps,
which include (in general terms): reagent preparation,
sample mixing/aliquoting, pelleting/decanting, denaturing,
and transfer. The process begins with a sample collected
from a subject and contained in a vial of preservative fluid
(e.g., PreservCyt® or SurePath™). The details of the manual
HC2 protocol steps, as performed on PreservCyt® samples,
follow.

The reagent preparation step begins by adding 5 drops of
indicator or dye to a denaturation reagent (“DNR”) causing
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2

the DNR to turn dark purple. Next, the specimen transport
medium (“STM”) and DNR are combined in a 2:1 ratio and
mixed by vortexing.

The sample mixing/aliquoting step is performed by vig-
orously shaking the PreservCyt® solution vial by hand or
using a vortex mixer at maximum speed setting. Immedi-
ately after mixing, a volume of the PreservCyt® specimen
solution is pipetted and delivered to the bottom of a conical
sample processing container. The container is polypropyl-
ene, and may be a 10 milliliter Sarstedt conical tube or a 15
milliliter VWR or Corning brand conical tube.

The pelleting/decanting step involves a number of sub-
steps. First, a predetermined amount of sample conversion
buffer (e.g., 0.4 milliliters added to 4.0 milliliters of speci-
men for 1-2 tests per sample for samples in PreservCyt®
media) is added to the processing tube, and then the tube is
capped and thoroughly mixed using a vortex mixer with a
cup attachment. Next, the tube is centrifuged in a swinging
bucket rotor at 2,900 (£150)xg for 15 (x2) minutes. Fol-
lowing centrifuging, the operator visually verifies that a
pink/orange cell pellet is present in the bottom of the tube.
Even if no pellet is detected, the protocol continues, a pellet
that is too small to see can still provide a positive test result
(however, if there is no visible pellet, a negative test result
might be dismissed as a false negative, and such an inde-
terminate result may require further testing). Next, the
supernatant is carefully decanted by inverting the tube and
gently blotting (approximately 6 times) on absorbent low-
lint paper towels until liquid no longer drips from the tube.
Each blot is done on a clean area of the towel. During
blotting, the operator observes the tube to ensure that the cell
pellet does not slide down the tube.

The denaturing step also includes a number of substeps.
The step begins by adding a volume of the STM/DNR
mixture (prepared in the reagent preparation step) to the
pellet (e.g., 150 microliters of a 2:1 mixture of STM and
DNR per 4 milliliter sample). Next, the pellets are resus-
pended by vortexing the tube. The operator may individually
vortex the tube, or vortex it with other tubes on a MST
Vortexer 2 machine. In either case, the tube is vortexed for
at least 30 seconds at the highest speed setting. If the pellet
is difficult to resuspend, it may be vortexed an additional
10-30 seconds or until the pellet floats loose from the bottom
of the tube. After vortexing, the tube is placed in a rack, and
the rack is placed in a 65° (x2°) Celsius water bath (with
sufficient water to cover the liquid in the tube) for 15 (£2)
minutes. Next, the tube is removed from the water bath, the
exterior is dried, and the tube is vortexed again for 15-30
seconds (or, if it is vortexed on a MST Vortexer 2, for 1
minute) at the highest speed setting. After the second vor-
texing, the tube is again placed in a rack that is placed in a
65° (£2°) Celsius water bath (with sufficient water to cover
the liquid in the tube) for 30 (+3) minutes. Following the
second water bath tubes that were vortexed on a MST
Vortexer 2 are vortexed once again at maximum speed for 10
seconds. Denaturing occurs during the first and second water
bath steps.

The final step is to transfer the prepared specimen for
hybridization. In this step, the operator pipettes 75 microli-
ters of the prepared specimen into the bottom of an empty
well in a hybridization microwell plate (e.g., a 96 well
hybridization plate). After the microwell plate is loaded with
specimens and calibrators or quality control samples, the
plate is transferred to an automated or manual system for
further processing to assess whether the sample is infected
with a number of different HPV types (e.g., types 16, 18, 31,
33, 35, 39, 45, 51, 52, 56, 58, 59 and 68).
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The foregoing HC2 protocol is just one example of a
sample processing protocol that is used in conjunction with
a sample assay process. Other protocols, and particularly
manual protocols for preparing a sample in anticipation of
further processing or evaluation, are known in the art. In
some cases, the protocol is a regulated protocol that is
indicated only for particular uses, and should be followed as
closely as possible to maintain regulatory compliance.

Many sample processing protocols are specifically
designed to be performed partially or entirely by hand. In
some cases, the manual steps comprising the protocol may
not be readily performed by an automated system. For
example, the foregoing HC2 sample preparation protocol
includes a number of steps particularly suited to manual
operation (e.g., pellet observation, decanting, denaturing).
These processes may not be readily-amenable to automated
processing of multiple samples. Furthermore, where the
protocol is regulated, it may be difficult to simulate the
manual steps in an automated environment. Still further,
even where a manual protocol is converted to an automated
process, there may remain a question of whether the two
processes are truly comparable, as numerous innocuous-
seeming deviations from the protocol that are required by
the automated process may, in fact, substantially affect the
final results.

The conversion of manual protocols to automated pro-
cesses can present many challenges, and numerous unfore-
seen issues often arise. Such issues require novel and unique
solutions to ensure that the automated process is truly
comparable to an existing manual protocol.

SUMMARY

In one exemplary embodiment, there is provided an
automated sample tube decanting system having one or
more decanting grippers, a decant waste receptacle, a trans-
porter, and means for rotating the decanting gripper. Each
decanting gripper has a respective holder configured to
selectively mate with a respective interface on a tube strip.
The one or more decanting grippers are rotatable between a
first position in which the tube strip is upright and a second
position in which the tube strip is inverted. The transporter
is configured to move the one or more decanting grippers in
a lateral direction from a starting location to a location above
the decant waste receptacle.

The recitation of this summary of the invention is not
intended to limit the claims of this or any related or unrelated
application. Other aspects, embodiments, modifications to
and features of the claimed invention will be apparent to
persons of ordinary skill in the art in view of the disclosures
herein.

BRIEF DESCRIPTION OF THE DRAWINGS

A better understanding of the exemplary embodiments
may be understood by reference to the attached drawings, in
which like reference numbers designate like parts. The
drawings are exemplary and not intended to limit the claims
in any way.

FIG. 1 is a front view of an exemplary sample preparation
apparatus.

FIG. 2 is a schematic plan view of an exemplary process-
ing module.

FIG. 3 is a flowchart of exemplary process steps for
operating a sample processing module.

FIG. 4 is a schematic plan view of another exemplary
processing module.
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FIG. 5 is a flowchart of exemplary process steps for
operating a sample processing module.

FIG. 6 is a schematic plan view of another exemplary
processing module.

FIG. 7 is a schematic plan view of another exemplary
processing module.

FIG. 8 is a cutaway side view of a first exemplary
ultrasonic sample adequacy detector.

FIG. 9 is a cutaway side view of a second exemplary
ultrasonic sample adequacy detector.

FIG. 10 is a schematic representation of a first ultrasonic
backscatter signal.

FIG. 11 is a schematic representation of a second ultra-
sonic backscatter signal.

FIG. 12 is a schematic representation of a third ultrasonic
backscatter signal.

FIG. 13A illustrates an exemplary decanting system
shown in the ready state prior to decanting.

FIG. 13B illustrates an exemplary decanting system
shown in the decanting position.

FIG. 14 illustrates a pair of exemplary decanting grippers,
with one shown in the upright position and the other in the
inverted position.

FIG. 15 is an exploded view of an exemplary decanting
gripper of FIG. 14.

FIG. 16A illustrates an exemplary tube strip being held in
an upright position by the decanting grippers of FIG. 14.

FIG. 168 illustrates an exemplary tube strip being held in
an inverted position by the decanting grippers of FIG. 14.

FIG. 17 illustrates an exemplary embodiment of a tube
strip.

FIG. 18 illustrates a pair of exemplary transport grippers.

FIG. 19 illustrates the transport grippers of FIG. 18
holding the tube strip of FIG. 17.

FIG. 20 is a schematic plan view of an exemplary blotting
system.

FIG. 21 illustrates an exemplary blotting system with an
inverted tube strip prepared for blotting.

FIG. 22 is a view of an exemplary disposal arm.

FIG. 23A is a front view of an exemplary sheet gripper,
shown in the open position.

FIG. 23B is a front view of an exemplary sheet gripper,
shown in the closed position.

FIG. 24A is a partially cut away side view of an exem-
plary disposal arm, shown in the open position.

FIG. 24B is a partially cut away side view of the disposal
arm of FIG. 24A, shown in the closed position.

FIG. 25 is a cross sectional view of the lower end of the
disposal arm of FIG. 24A, as viewed in the plane of the
disposal arm’s arm axis.

FIGS. 26A-D illustrate four operating positions of the
disposal arm of FIG. 24A.

FIGS. 27A-C illustrate an exemplary process for picking
up and removing used sheets from an exemplary blotting
sheet supply.

FIG. 28 is an exploded view of an exemplary heating
assembly.

FIG. 29 is a lateral cross sectional view of the heating
assembly of FIG. 28, shown in the fully-assembled configu-
ration, and with the cross section taken through the axis of
a tube strip.

FIG. 30 is a lateral cross sectional view of the heating
assembly of FIG. 28, shown in the fully-assembled configu-
ration, and with the cross section taken through a lateral wall
of the tube strip holder.
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FIG. 31 is a longitudinal cross sectional view of the
heating assembly of FIG. 28, shown in the fully-assembled
configuration.

FIG. 32 is a schematic temperature versus time plot
comparing a manual heating process to an automated heat-
ing process.

FIG. 33 is a cross sectional view of an exemplary cover,
tube and tube strip holder, as viewed through a downwardly-
extending protrusion.

FIG. 34 is an exemplary light exposure of one embodi-
ment of a tube strip holder.

FIG. 35 is an exemplary embodiment of a tube strip
holder formed as an optical mask.

FIG. 36 illustrates exemplary centrifuge loads on an
exemplary tube strip holder, tube strips and centrifuge
bucket.

FIG. 37 is a cut away isometric view of an exemplary
vision inspection system.

FIG. 38 is a perspective silhouette image of a tube strip
holder, tube strips and samples, as viewed from the bottom.

FIG. 39 is a flowchart of an exemplary process for
identifying regions of interest in an image such as shown in
FIG. 38.

FIG. 40 is a representative image of the regions of interest
and other information extracted from the image shown in
FIG. 38, using the process of FIG. 39.

FIG. 41 is an enlarged view of the four tubes located at the
center of the bottom two rows of tubes shown in FIG. 40.

FIG. 42 is a flowchart of an exemplary process for
determining the presence of a pellet in an image such as
shown in FIG. 38.

FIG. 43 is a graphic illustration of steps in an exemplary
process for analyzing the dimensional properties of a par-
ticle to determine whether it represents a sample pellet.

DETAILED DESCRIPTION

The exemplary embodiments described herein relate to
automated sample preparation apparatus and methods, and
an exemplary embodiments relate particularly to apparatus
and methods used to automate the manual sample prepara-
tion steps associated with the HC2 protocol. However, it will
be understood that embodiments of the invention can be
used to prepare other kinds of sample. For example, the
combination of pipetting, mixing, incubation, centrifuga-
tion, and decanting is applicable to DNA extraction, con-
centration, and purification as a front end to enzyme-linked
immunosorbent assays (“ELISA”), non-amplified probe tag-
ging or sandwich assays, and target amplification assays.
The exemplary processing modules described herein may be
readily modified to include additional equipment that might
be necessary to perform alternative processes. For example,
a processing module may be reconfigured to include mag-
netic bead binding, plate washing, and multiple optical
detection devices.

Referring to FIG. 1, an exemplary embodiment of an
automated sample preparation apparatus 100 is illustrated.
In general terms, the apparatus 100 includes a processing
module 102 that may be mounted on a stand 104. The
processing module 102 may contain some or all of the
operating parts, storage facilities for supplies, and so on. The
stand 104 may include additional components, such as a
power supply, reagent supplies, consumable supplies, and
the like. The stand 104 also may provide a mounting point
to align and attach external components that are part of the
processing module 102 (e.g., computer hardware, centri-
fuges, vision systems, etc.). The stand 104 may be incorpo-
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rated into the processing module 102 to form a large
processing module 102, but alternatively the processing
module 102 may be operationally independent of the stand
104 so that the processing module 102 can be used as a
table-top unit. The processing module 102 preferably
includes a housing 106, having one or more openable
covers, such as a transparent front panel 108. Suitable
lockout systems may be provided to prevent operation when
the housing 106 is open. The apparatus 100 may also include
a computer processing unit, which may be integrated into the
processing module 102, located in a remote or separate
processor such as an external computer 110, or distributed
over a network of communicating processors. The computer
processing unit may be operatively connected to a variety of
robotic devices located in the processing module 102, such
as pipettors 112, transport mechanisms, heaters, optical
equipment, shakers, barcode readers, and the like. FIG. 1
shows the pipettors 112 moved to a second position 112' as
shown by arrow A.

Referring to FIG. 2, an exemplary processing module 102
is illustrated in schematic plan view. The processing module
102 may be assembled, in whole or in part, on a flat platform
200 comprising a number of uniformly-shaped and uni-
formly-distributed lanes 202 that extend from the front 204
of the module 102 to the back 206 of the module (for clarity,
only some of the lanes 202 are marked by reference number
202). The lanes 202 may include physical dividers, mount-
ing racks, mounting holes, and other features to permit
installation, removal, replacement, and possibly rearrange-
ment, of various working parts of the processing module
102. Such automated system platforms 200 are known in the
art and need not be described further herein.

The processing module 102 of FIG. 2 is configured for
automated processing of samples in an automated equivalent
to the manual HC2 protocol. However, other uses are
envisioned for this or other configurations of a processing
module 102.

The processing module 102 includes a number of tube
strip racks 208 in which tube strips 210, such as the
embodiments described subsequently herein, are provided.
Each tube strip 210 includes a plurality of tubes, and each
tube may contain a separate specimen for processing. Tube
strips 210, or individual tubes in a tube strip 210, also may
contain calibrators or quality controls (or no sample). For
purposes of this description, the contents of each tube will
be considered to be a “sample” regardless of whether its
contents are a patient’s specimen, a calibrator, a quality
control, or nothing at all. In this embodiment, each tube strip
210 has four tubes, each tube strip rack 208 can hold up to
six tubes strips 210. Nine tube strip racks 208 are illustrated,
but eight racks 208 or other numbers of racks 208 may be
provided. The tube strip racks 208 may be provided in
adjacent lanes 202, or otherwise distributed.

Tube strip holders 212, such as 